A new beam-shaping device was realized by an abrupt taper with a length of ϳ700 m and a waist of ϳ40 m. The insertion loss of the device is less than 3%. The diameter of the flat beam top can be up to ϳ900 m with a small intensity variation (4%) and a small half-divergence angle (2.5°). The conversion efficiency of the new device from a Gaussian-shaped to a flat-top profile is comparable with that of a longperiod-gratings-based device, while keeping the fabrication cost low. The new device requires only a fusion splicer and standard SMF-28 fiber, eliminating the need for photolithographic procedures. The new device also has no obvious incident light polarization dependence.
A new beam-shaping device was realized by an abrupt taper with a length of ϳ700 m and a waist of ϳ40 m. The insertion loss of the device is less than 3%. The diameter of the flat beam top can be up to ϳ900 m with a small intensity variation (4%) and a small half-divergence angle (2.5°). The conversion efficiency of the new device from a Gaussian-shaped to a flat-top profile is comparable with that of a longperiod-gratings-based device, while keeping the fabrication cost low. The new device requires only a fusion splicer and standard SMF-28 fiber, eliminating the need for photolithographic procedures. The new device also has no obvious incident light polarization dependence. © Laser beams with a uniform intensity (or a top hat) distribution find many applications in laser fabrication, surgery, laser therapy, nonlinear optics, holography, and other photochemical applications. Furthermore, optical fibers can be used to transmit light over long distances with low attenuation, allowing for the separation of the bulk size laser sources as well as the bulk cooling system from the workplace. Optical fibers can be an efficient way to convert a Gaussianshaped beam to a top-hat beam owing to their compact design and low attenuation. Different methods have been proposed to convert the dominant, Gaussian-shaped LP 01 mode in optical fiber to a tophat beam. One is to use a silver-halide fiber tip attached with a hollow fiber [1] , and another uses a square core jacketed air-clad fiber [2] . However, these fibers do not properly align with a single-mode fiber (SMF), which leads to greater insertion loss through the device (incompatible splices) and can adversely affect the beam profile quality. Also, the cost of these special fibers is normally higher than that of a standard SMF. To modify the beam profile within the SMF, bending the fiber is one option, coupling the LP 01 mode to the LP 11 , LP 12 , and LP 21 modes [3, 4] . These modes can then interfere with the LP 01 mode at the fiber output and create a uniform intensity distribution, owing to the different phase delays of the respective modes. However, the beam profiles are very sensitive to the variation of bending, making it unsuitable for beam-profile-shaping applications. Recently, long period gratings (LPGs) [5] were used to couple the LP 01 mode to the LP 03 mode (a 2% power transfer), which can flatten the beam profile with a low-intensity variation (less than 4%), a large flat surface diameter ͑ϳ400 m͒, and a good beam uniformity (1.5°of half-divergence angle). However, LPGs require a complicated fabrication procedure (i.e., laser fabrication, amplitude mask alignment, and photolithography), which increases the cost of a LPG-based beam shaper. Previously, we have reported the use of abrupt fiber tapers [6] [7] [8] to replace LPGs in the refractive index/strain sensor domain that allowed for similar sensitivity as the LPG-based device but with a lower fabrication cost (i.e., using only a fusion splicer and standard Corning SMF-28 fiber). In this Letter, we present an abrupt taper SMF device that can convert a Gaussian-shaped beam to a flat, top-hat beam with negligible insertion loss (less than 3%) and comparable conversion efficiency with that of a LPG-type beam shaper [5] .
In [6] [7] [8] , the use of a 3 dB abrupt taper allowed for the transfer of mode power from the fundamental core mode, LP 01 , to the cladding as shown in Fig. 1 . The power coupled into the cladding propagates as higher-order LP 0m cladding modes (most energy will stay in modes LP 02 to LP 09 , especially LP 05 [8] ). With the fiber coating intact on the fiber, the insertion loss of the abrupt taper can be treated as approximately 3 dB over a 70-nm-wide wavelength range from 1530-1600 nm [6] . However, when the fiber coating is stripped, the cladding-air interface acts as a strongly guiding waveguide, and the cladding modes are each able to propagate some distances with little attenuation. Because no power in these modes is being lost owing to the fiber coating, the insertion loss through the taper is greatly reduced. Similar to multimode fibers, these cladding modes each travel down the fiber with a different propagation constant, each arriving at the observation plane with a different phase. The high coherence of a laser source also allows for the interference of the propagating modes, which can then be observed on the observation plane. When the input light wavelength changes, different 
A fusion splicer (model: Ericsson FSU 995FA) with a built-in attenuator program was used to fabricate the 3 dB abrupt taper. The arc current was set to heat a length of Corning SMF-28 fiber where the fiber coating had been stripped, while the fusion splicer fiber holder slowly pulled the fiber during the heating process. The fiber tip was then processed with a cleaver. The length of fiber after the taper, L a as shown in Fig. 1, was 15 .5 mm. The distance L b between the fiber tip and the observation plane was set to be from 7 mm to 12 mm using adjustable micropositioners. To record the interference pattern a CCD camera (model: Newport KEP-7-IR5) was used. A tunable laser source (model: Agilent 8164B frame with 81600B module, 100 kHz linewidth) was used as the input laser source. The wavelength of the laser source was tuned between 1530 nm and 1600 nm to find the wavelength where a uniform intensity distribution could be realized. To study the relationship between the input polarization and the output beam profile, a polarization controller (PC) was put between the tunable laser and the SMF with the abrupt taper. Figure 2 shows a photograph of the 3 dB attenuation abrupt taper taken by a NIKON CCD camera through a stereozoom trinocular microscope. The waist W t is ϳ40 m, and the length L t is ϳ700 m. Figure 3 shows the mode field intensity distribution observed on the camera with L b of 12 mm. After tuning through the wavelength range, two wavelengths were studied: 1570.1 nm, which saw the best top-hat distribution, and 1589.0 nm, which showed an almost Gaussian beam shape. For the wavelength = 1570.1 nm, the flat, top-hat beam profile showed an intensity variation less than 4% with a diameter of ϳ900 m. Figure 4 shows the beam profiles after the abrupt taper (A) or the SMF only (F) for the different separation distances (L b = 7 mm and 12 mm). The diameters of the flat top (measured from 96% to 100% of the relative power level) and spot size (measured at 50% of the relative power level) as well as the halfdivergence angle for these two wavelengths are shown in Table 1 . With different lengths of L a examined, the beam profile showed a similar response as the wavelength was changed, but the separation wavelength between the top-hat wavelength (i.e., 1570.1 nm) and Gaussian-shaped wavelength (i.e., 1589 nm) decreases as L a increases, because the separation length L a introduces a wavelengthdependent phase delay in the different modes. The insertion loss of the abrupt taper was less than 3% ͑0.13 dB͒, which is comparable with the 0.1 dB loss of the LPG-based device from [5] . The ratio between the flat-top diameter and the spot diameter for = 1570.1 nm is higher than 58%, while that in the LPG-based device is 50% [5] , suggesting that the abrupt taper beam shaper has the comparable efficiency for converting energy from the Gaussian beam profile to the uniform intensity profile when compared with the LPG-based beam shaper. This is because the abrupt taper excites higher-order LP 0m modes (compared with just the LP 03 mode for the LPG), which can help create a more ideal uniform intensity distribution. As expected, with the incidentlight polarization change controlled by the PC, no obvious polarization dependence of the beam profile was found in the experiment. This is due to the axially symmetric configuration of the abrupt taper.
In summary, a new beam-shaping device was realized using an abrupt taper with a length of ϳ700 m and a waist of ϳ40 m. The insertion loss of the devices is less than 3%, comparable with that of a LPGbased beam shaper with a 0.1 dB loss. The diameter of the flat top can be up to 900 m with a small intensity variation (less than 4%) and a small halfdivergence angle of 2.5°. This new device has the comparable convert efficiency from the Gaussianshaped beam profile to the flat top one with that of the LPG-type device, while keeping the fabrication cost low by using a fusion splicer and standard Corning SMF-28. The performance of the device was found to show no obvious relationship with the polarization of the incident light.
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